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INTRODUCTION
Aromaticity has occupied a central role in organic chemistry because the stability associated with the aromatic sextet has dictated the formation of products from a wide variety of reactions. Interest in the aromatic sextet and related expansion to other species with a H€ uckel number of electrons in a conjugated π-system led to the development of a number of nonbenzenoid aromatic species. These species were determined to be aromatic based on a number of properties associated with benzene. Their stability was evaluated through energetic measures, such as aromatic stabilization energy, 1 through structural measures, such as planarity and lack of bond length alternation, 2 and through magnetic measures, such as the diatropic shift of protons on the periphery of the ring system, 3 nucleusindependent chemical shifts (NICS), 4, 5 and magnetic susceptibility exaltation. 6 Much less attention has been paid to the preparation of antiaromatic systems because of their anticipated instability. We have been able to prepare and characterize experimentally a number of antiaromatic dications of fluorenyl systems 7À11 and have extended those studies to antiaromatic indenylidene dications. 12, 13 More recently, we have prepared antiaromatic dianions containing dibenzotropylium anions 14 as well as those containing heterocyclic antiaromatic systems such as the dianion of dixanthyidene. 15 Herein we report the attempt to prepare and characterize dianions of substituted benzylidene dibenzocycloheptenes (1) through reduction with lithium or potassium. We anticipated that the electron-donating (destabilizing) group on the benzyl substituent would enhance the antiaromaticity of the dibenzotropylium anion just as electron-withdrawing groups on the benzyl substituent of the analogous benzylidene fluorene dications had enhanced the antiaromaticity of the fluorenyl system. 7 We observed instead the over-reduction of the desired dianion (1 2À ) to an unexpected tetraanion (1 4À ), which contains an aromatic dibenzotropylium trianion (Scheme 1). Of particular interest was our inability to observe the dianion in the 1 H NMR spectrum of the reaction mixture. There are two possibilities for this result: that the dianion was sufficiently unstable that it was immediately reduced to the tetraanion or that the antiaromatic dianion had a sufficiently small HOMO/LUMO gap to give the dianion appreciable diradical character. The presence of the tetraanion is confirmed through comparison of its experimental and calculated chemical shifts and through mass spectral data of its quench products. The evidence for the small HOMO/LUMO gap comes from the ΔE HOMO ÀE LUMO from the geometry optimization and from the lowest energy electronic transition from TD-DFT calculations.
Received: January 30, 2011 ABSTRACT: The antiaromaticity of a series of dianions of p-substituted benzylidene dibenzo[a,d]cycloheptenes was examined through calculated measures of antiaromaticity. The nucleus-independent chemical shifts (NICS) and magnetic susceptibility exaltation both showed substantial antiaromatic character in the benzannulated tropylium anion. When the antiaromaticity was normalized for the area of the ring, these tropylium anions were shown to be among the most antiaromatic anions in the chemical literature. Attempts to make the dianion through reduction with lithium or potassium gave the tetraanion as the only species observable in the 1 H NMR spectrum. Quench of the reaction mixture with trimethylsilyl chloride or D 2 O confirmed the presence of the tetraanion, but only as a small portion of the reaction mixture, with the major product being unreacted starting material. The failure to observe starting material was attributed to similarities in the structures of the starting material and anion radical (first reduction), allowing rapid electron transfer between them. The inability to see the dianion (second reduction) could be the result of the very small HOMOÀLUMO gap anticipated for highly antiaromatic species, which would allow access to diradical species. The magnitude of the HOMOÀLUMO gap was determined by the difference between the HOMO and LUMO energies from geometry optimization and the lowest energy transition from TD-DFT calculations. The HOMOÀLUMO gap for the benzylidene dibenzocycloheptatriene dianions was shown to be much smaller than the HOMOÀLUMO gap of species for which 1 H NMR spectra had been observed.
' RESULTS AND DISCUSSION Calculated Measures of Antiaromaticity for 1 2À . NucleusIndependent Chemical Shifts. The ring current model of aromaticity predicts a magnetic environment in the center of an aromatic ring that is opposite in sign to that of the periphery, resulting in protons that are shifted downfield when on the periphery of an aromatic species and would be shifted upfield if present in the center of the aromatic ring. These effects would be opposite for an antiaromatic species, and these predictions have been given experimental support in the 1 H NMR characterization of [18] annulene and its dianion. 16 Nucleus-independent chemical shifts, NICS, are based on this phenomenon, with the calculation of the magnetic shielding tensor for a ghost atom placed in the center of the ring system. 4 NICS for an aromatic system have a negative sign; those for an antiaromatic system have a positive sign.
The calculated NICS(1) zz values for the dibenzotropylium systems of 1a
2À

À1f
2À are given in Table 1 . The positive values support the prediction of antiaromaticity in these anionic dibenzotropylium systems, with larger values indicating greater antiaromaticity. In general, electron-withdrawing substituents cause a decrease in the antiaromaticity due to the stabilization of the anionic system. The methoxy substituent is behaving more as an inductively withdrawing group than a resonance-donating group, as seen by the decreased antiaromaticity. The methyl-substituted dianion is the most antiaromatic system in the series.
Magnetic Susceptibility Exaltation. A second magnetic measure of aromaticity and antiaromaticity arises from the additional response to a magnetic field of a species with a ring current. This additional magnetic susceptibility is called magnetic susceptibility exaltation, Λ.
6,18À21 The magnetic susceptibility, X, can be calculated with the CSGT (continuous set of gauge transformations) method for the entire species. This is then compared to the sum of the magnetic susceptibility for the individual bonds in the system, giving in essence the magnetic susceptibility for the nondelocalized system. The difference between the two susceptibility values is the exaltation due to the ring current (see Supporting Information for details of the calculations). As is true for NICS, a negative value of Λ is associated with aromatic systems and a positive value with antiaromatic systems. The calculated magnetic susceptibilities, X, of 1a 2À À1f 2À and the magnetic susceptibility exaltation Λ are given in Table 2 . Comparison of the ΣNICS(1) zz and Λ shows similar trends in the effect of the substituent on the antiaromaticity of the dibenzotropylium anion. The magnitude of both Λ 6 and ΣNICS(1) zz 22 is related to the square area of the system under examination. For similarly sized species such as 1a 2À À1f
2À
, it is reasonable to compare the NICS and Λ values directly. However, to place these values in a larger context by comparison with other aromatic and antiaromatic species, each value needs to be normalized by the square area of the ring system. We have demonstrated a linear relationship between the ΣNICS(1) zz /sq area and Λ/sq area, 22 and that relationship is shown in Figure 1 , 2À are the most antiaromatic anions in this group which includes the dianion of 3,4-dibenzophenanthrene, vide infra. 23 The plot also includes planar (D 4h ) cyclooctatetraene, which is presumed to be the transition state for inversion of the tub-shaped geometry of cyclooctatetraene. 24 Attempted Preparation of 1a 2À À1f 2À through Reduction with Lithium or Potassium. Benzylidene dibenzocycloheptatrienes 1bÀf were synthesized through reaction of a substituted phenyl Grignard reagent with dibenzosuberenone, followed by dehydration (Scheme 2). The trifluoromethyl substituted compound 1a was prepared through reaction of the Wittig product from 1-bromo-4-trifluoromethylbenzene with dibenzosuberenone.
The reduction of neutral precursors 1aÀf with lithium and potassium was attempted according to the method of Rabinovitz and Scott 25 and monitored by 1 H NMR spectroscopy. Within 10 min of sonication, the solution turned brown, and all peaks disappeared, with no peaks visible until after one hour of sonication. The 1 H NMR spectrum of the reduction by lithium of 1d after one hour is shown in Figure 2 . The COSY spectrum of the reaction mixture as well as the spectra from reduction of 1b, e, and f are given in the Supporting Information. Neither 1a nor 1c gave clean enough reduction products for identification of the species present.
We assumed that the reduction would take place by one electron transfers giving initially the anion radical followed by the antiaromatic dianion 1
, which would presumably exist as Li 2 1, vide infra. We therefore assumed that the species present after one hour was the dianion since the anion radical would be invisible in the 1 H NMR spectrum due to broadening. 26 The linear correlation between the calculated and experimental shifts seen previously for antiaromatic dications and dianions 14 would support the identification of the dianion. However, the agreement was particularly poor for Li 2 [1b,dÀf] (Figure 3a ) but substantially better for Li 4 [1b,dÀf] (Figure 3b ). For both sets of data, the shifts were calculated with the inclusion of solvent using the polarization continuum method, PCM. 27 We have presented the data with the protons on the phenyl rings distinct from the benzylic protons and the protons on the dibenzotropylium rings in Figure 3 . The relationship for the phenyl protons is fairly linear for both the dianions and tetraanions, as would be expected since in both systems the amount of charge would be basically the same. However, there is no correlation for the dibenzotropylium/benzylic protons in the dianion, with a reasonable correlation for the tetraanion, R = 0.941.
The Identification of Li 4 1d in the Reaction Mixture. The reaction mixture after ∼1 h of sonication was quenched with either (CH 3 ) 3 SiCl or D 2 O in dry THF. Tetrasilylated or deuterated material was present in the reaction mixture, but it was only a small percentage of the silylated or deuterated material. Present in much larger concentration was unreacted starting material, followed by several trisilylated/deuterated products, then tetrasubstituted product, and disubstituted product (see Table 4 ). The 1 H NMR spectrum of the reaction mixture in Figure 2 clearly shows no unreacted starting material (see Supporting Information for the full spectrum) nor does it show substantial amounts of anything but Li 4 1d. We did not anticipate seeing the mono-or trianion radicals in the spectrum of the reaction mixture, but the absence of spectral evidence for the starting material and dianion apparent from the quenches was of concern.
Spectral Invisibility of 1d in the Presence of an Anion Radical. The dominance of unreacted starting material in the mixture of products from quench with (CH 3 ) 3 SiCl or D 2 O was of concern to us because it should have been apparent in the NMR spectrum of the reaction mixture. We considered the possibility of inadvertent quench of the anionic species by adventitious water but saw substantial amounts of starting material even with the most stringently anhydrous conditions. A possible explanation is based on in the changes seen in the 1 H NMR spectrum during reduction of cyclooctatetrane, COT, to the dianion with lithium or potassium. 28 The electron transfer between the anion radical and dianion of COT was rapid, resulting in broadening of the NMR signal, with the singlet of the dianion becoming sharp when two equivalents of metal were consumed. That is, while both anion radical and dianion existed in solution, the signal was broad. The spectrum of unreacted COT remained sharp until it was consumed. The explanation for the differing behavior of the two diamagnetic species involved Figure 1 . Relationship between ΣNICS(1) zz /sq area and Λ/sq area for 1aÀf 2À and a set of mono-and dianions, 22 3,4-dibenzophenathrene dianion, and planar cyclooctatetraene, calculated as described in Tables 1  and 2 .
Scheme 2. Preparation of p-Substituted 1
The Journal of Organic Chemistry ARTICLE their geometry. Neutral COT is tub-shaped, while the COT dianion is planar. Because electron transfer between two species with similar geometries is rapid, the broadening of the signal of the COT dianion suggested that the anion radical must also be planar. We have calculated the geometries of 1 and 1
•À , and they are very similar and different from the geometry of Li 4 1 (see Figure 4 for 1 and 1
•À and Supporting Information). Thus, electron transfer between 1 and 1
•À would be expected to be rapid, resulting in broadening of the signal for starting material.
Spectral Invisibility of Li 2 1d. Our inability to see any interpretable 1 H NMR signal during the reduction of 1d until the formation of Li 4 1d can be understood if the dianion was sufficiently antiaromatic that it possessed a very small HOMOÀ LUMO gap, allowing for diradial formation. The relationship between the HOMOÀLUMO gap and aromaticity/antiaromaticity is based on stability. Molecules with large HOMOÀLUMO gaps have been shown to be stable and unreactive; those with small HOMOÀLUMO gaps have been shown to be chemically reactive. 29, 30 The theoretical basis between the HOMOÀLUMO gap and stability was articulated by Pearson, defined as hardness, η, 31 and considered as a measure of aromaticity. 32 Minsky et al. 33 and Shenhar 25 have reported the effect of a small HOMOÀLU-MO gap on the NMR spectra of a series of dianions of polycyclic aromatic hydrocarbons.
There are two methods for obtaining information about the HOMOÀLUMO gap available through computation. The geometry optimization at an appropriate level provides the energies of the HOMO and LUMO. The energy for the first vertical excited state, from the HOMO to the LUMO, would approximate the HOMOÀLUMO gap and can be calculated with time- The Journal of Organic Chemistry ARTICLE dependent density functional theory, TD-DFT. We have demonstrated a good relationship between the experimental and calculated electronic spectra for antiaromatic dications. 34 The challenge for the calculation of properties of anions comes from several issues. While DFT methods are generally very good for larger molecular systems, questions have been raised about their use for anions because of a self-interaction error in approximate functionals. 35, 36 The result is that the HOMO energy is positive, even for stable anions, indicating that a valence electron is unbound. A possible solution to this problem lies in the use of a long-range corrected version of the B3LYP functional. 37 We have determined that the geometries calculated for 1a 2À À1f 2À using B3LYP/6-31g(d) and the long-range corrected functional LC-BLYP/6-31þg(d) give HOMOÀLUMO gap energies that demonstrate the same relative changes in 1a 2À À1f
2À
. That is, the changes in the HOMOÀLUMO gap caused by different substituents on the phenyl ring vary in an analogous way for each type of optimization (see Supporting Information). In addition, NICS(1) zz values calculated for the geometries obtained with the two methods also show a linear relationship (see Supporting Information for a complete discussion of dependence on basis set and functional). Thus, it is appropriate to use the geometries optimized at this lower level to obtain HOMOÀLUMO energies as well as magnetic properties. A more troublesome issue deals with the association of the counterion. Anions in solution are known to have close associations with their counterions, either as contact or solvent separated ion pairs. It is clear from the relationship of the calculated and experimental shifts for the tetraanions that they exist as Li 4 [1aÀf], although we have not determined whether these are contact or solvent separated ion pairs. Monolithiated benzocycloheptatrene is believed to exist as a contact ion pair, based on chemical shift changes as a function of changes in temperature and counterion. 38 While we cannot confirm that 1a
, it is reasonable to assume that this is the case. Thus, it would also be reasonable to expect that the properties of the lithiated species should be examined rather than those of the dianion. There are two primary problems. There are no reports in the literature for the determination of NICS values and Λ on lithiated species. Indeed, it is difficult to determine the appropriate manner to include both the counterion and ghost atom necessary for the evaluation of NICS and difficult to determine the appropriate reference system that would include the counterion for the calculation of Λ. These problems are more difficult when one also includes the molecules of THF providing solvation for the counterion. The calculations also become prohibitively expensive, particularly TD-DFT, as the molecules become more complicated. However, the work of Rabinovitz et al. 25, 39, 40 has demonstrated that the magnitude of the HOMOÀLUMO gap calculated on dianions without counterions explains changes in their NMR spectra. Since this is the question we are examining, we will use the same process. We have previously been able to obtain 1 H NMR spectra for antiaromatic dications and dianions, which suggests that their HOMOÀLUMO gaps must have been sufficiently great to prohibit much diradical character. Three of those species are dication 2 2þ41 and dianions 3 2À14 and 4 2À . 42 We also consider the HOMOÀLUMO gap of the dianion of 3,4-dibenzophenathrene, 5 2À , to make a link to the previous work of Minsky et al., 23 which describes the effect of the HOMOÀLUMO gap on its NMR spectrum. The HOMOÀLUMO gap calculated on geometries optimized at the B3LYP/6-31g(d) level for 1a 2À À1f 2À and 2 2þ , 3
, 4 2À , and 5 2À are reported in Table 5 , along with the calculated energy for the first excited state for a subset of these species. The magnitude of the energies of ΔE HOMO ÀE LUMO and the lowest energy electronic transition demonstrate that the HOMOÀLUMO gap is indeed smaller for 1a 2À À1f 2À than for antiaromatic 2 2þ , 3 2À , and 4 2À , whose NMR spectra we have been able to determine. The reduction of 3,4-dibenzophenanthrene to 5 2À with lithium, sodium, and potassium failed to give an NMR spectrum with observable 1 H and 13 C signals. This was attributed to a "large population of the excited triplet state with two unpaired electrons". This would be expected for a system with the very small HOMOÀLUMO gap shown in Table 5 .
It remains to link the HOMOÀLUMO gap to the antiaromaticity of 1a 2À À1f 2À . As Figure 1 shows, the substituted dianions of 1 are more antiaromatic than antiaromatic dianions we and Figure 1 ). The NICS(1) zz /square area and Λ/square area for 5 2À , whose lack of NMR signals supported the presence of a substantial triplet population, suggests that 1a 2À À1f 2À might also possess substantial diradical character. We will be examining the preparation of 1a 2À À1f 2À by deprotonation to allow evaluation of a diradical species and to characterize it as triplet vs singlet in a cleaner reaction medium.
' SUMMARY
Dianions of 1 are among the most antiaromatic dianions reported in the literature, in terms of their NICS(1) zz and magnetic susceptibility exaltation, when normalized by the square of the ring area. Attempts to prepare the dianions by reduction with lithium or potassium resulted in over-reduction to tetraanions. Identification of the major species in the 1 H NMR spectrum of the reaction mixture as tetraanion was made through comparison of the calculated 1 H NMR shift of the tetraanion with the experimental spectrum. The relationship was substantially more linear than that of the calculated chemical shifts of the dianion with the experimental shifts. In both cases, comparison was made for chemical shifts calculated for the lithiated species in THF. However, quench of reaction mixtures which appear to contain only tetraanion with (CH 3 ) 3 SiCl or D 2 O revealed that the major product was starting material, with evidence of mono-, di-, tri-, and tetrasubstituted product. The lack of NMR spectral evidence for unreacted starting material was rationalized through the similarity of the structures of starting material and monoanion radical, leading to rapid electron transfer between the neutral and negative species. The lack of spectral evidence for dianion was rationalized by its apparent large antiaromaticity that would result in a small HOMOÀLUMO gap, allowing for diradical character. The explanation was supported by a comparison of ΔE HOMO ÀE LUMO and by the lowest energy electron transition calculated by TD-DFT methods for 1 2À , with other antiaromatic dications and dianions, and by comparison to the behavior of the dianion of 3,4-dibenzophenathrene.
' EXPERIMENTAL SECTION Preparation of 1bÀf. . The general procedure for formation of 1b, 43 1c, 1d, 43 1e, 44 and 1f is shown below for the unsubstituted benzylidene dibenzocycloheptene 1d.
5H-Benzylidene-dibenzo-(a,c)-cycloheptatriene, 1d. Mg (16.5 mmol) was added to dry Et 2 O (50 mL) and heated to reflux. Benzyl bromide (15.0 mmol) was dissolved in dry Et 2 O (20 mL) and was added dropwise over 10 min to the refluxing flask. The flask was allowed to reflux for 2 h; the solution became metallic gray; and most of the Mg was consumed. Dibenzosuberenone (10.0 mmol) was dissolved in dry Et 2 O (50 mL) and was added dropwise over 10 min to the refluxing flask. The reaction mixture was allowed to reflux for 2 h. The reaction was quenched with sat. aqueous NH 4 Cl (25 mL) and then extracted with 2 Â 10 mL of Et 2 O. The combined organic layers were washed with 3 Â 20 mL of water and then 3 Â 20 mL of brine. The solvent was removed under vacuum to give a yellow oil. The yellow oil was dissolved in EtOH (20 mL), and H 2 SO 4 in glacial acetic acid (20 mL, 20%) was added. The oil and acid were allowed to stir for 2 h, and then ice (50 mL) was added. The acid was neutralized with solid NaHCO 3 , and the mixture was extracted with 3 Â 20 mL of Et 2 O. The combined organic layers were washed with 3 Â 20 mL of sat. aqueous NaHCO 3 , 3 Â 20 mL of water, and 3 Â 20 mL of brine. The solvent was removed under vacuum to give a yellow oil. Purification in a silica flash column with hexanes gave a white powder. Yield: 54%. Preparation of Dianions. Benzylidene cycloheptatriene, 1 (10 mg, ∼0.040 mmol), was added to a specially designed NMR tube insert (see Supporting Information) under Ar. Lithium wire (1 g, 150 mmol) was cleaned of oxide and mineral oil and added to the insert, followed by THF-d 8 (0.7 mL). The solution was degassed by freezeÀpumpÀthaw and the insert flame-sealed under vacuum. The insert was inverted to bring the metal in contact with 1, and reduction was initiated by sonication at 10°C. Reduction appeared to begin after less than 5 min, with the development of a dark brown-orange solution. The products were monitored with NMR spectroscopy at 10°C. The 1 H NMR spectra in Figure 2 and in the Supporting Information were taken after 1 h.
Quench Studies. Trimethylsilyl chloride (0.25 mL, 2.0 mmol) or D 2 O (0.10 mL, 5.5 mmol) was added to dry THF (5 mL) and cooled to À78°C in a septum capped flask. Previously prepared reduction samples were transferred to the quench solution with stirring, and the solution a Geometries optimized at B3LYP/6-31G(d).
b Energies in eV calculated with B3LYP/6-31G(d) and the TD-DFT method, on geometries optimized at the B3LYP/6-31G(d) level. 34 The Journal of Organic Chemistry ARTICLE was allowed to warm to room temperature. The solution changed from dark brown-orange to clear or pale yellow. The reaction mixture was neutralized with 10% HCl (2 mL); water (40 mL) was added. The solution was extracted with 3 Â 10 mL of Et 2 O, and the combined organic layers were washed with 2 Â 10 mL of sat. aq. NaHCO 3 . The solvent was removed under vacuum to give a white powder. The samples were purified with a silica plug with hexanes, and solvent was removed under vacuum. Solutions of the quench products in Et 2 O (1%) were analyzed via GC/mass spectrometry (see Supporting Information for details and mass spectral data).
Computational Methods. Geometries were optimized at B3LYP/ 6-31G(d) density functional theory levels with the Gaussian 03 program package. 45 The chemical shifts were calculated at B3LYP/6-311þG(d,p) using the GIAO method on the geometries optimized with lithium counterions with the Gaussian 09 program. 46 The best agreement between experimental and calculated shifts was found when the effect of solvent was included in the calculation through the polarization continuum method, PCM, with the ε value of 7.4257, the default value for THF in Gaussian 03. The nucleus-independent chemical shifts (NICS(1) zz ) 4, 17 were obtained from the chemical shift tensor perpendicular to the ring for a ghost atom placed 1 Å above the center of each ring on geometries optimized without counterions. Magnetic susceptibility exaltation was determined from the magnetic susceptibility calculated for the substituted 1 2À using the CSGT method with basis set B3LYP/ 6-311þG(d,p) by subtraction of the magnetic susceptibility for the localized system. Areas were calculated from the Cartesian coordinates for each ring system oriented in the xy plane. See Supporting Information for specific details of the calculation. TD-DFT calculations were done with the B3LYP/6-311þG(d,p) on the geometries optimized at the B3LYP/ 6-31G(d) level. See the Supporting Information for the discussion of the validity of geometry optimization with B3LYP/6-31G(d) vs that with functionals with long-range correction, such as LC-BLYP/6-31þG(d).
' ASSOCIATED CONTENT b S Supporting Information. Details on the calculation of magnetic susceptibility, ring areas, and Cartesean coordinates, frequencies, and energies of the optimized geometries of 1a 2À À1f 2À , Li 2 [1bÀf], with and without explicit THF, and Li 4 1b and Li 4 [1dÀf], and Li 4 1d, with and without explicit THF, at varying levels of theory; 1 H NMR spectra of reduction of 1b, 1d (full spectrum), 1e, and 1f;
13 C NMR, COSY, and HMQC spectra of the reduction mixture of 1d; calculated chemical shifts of dianions of Li 4 1b and Li 4 1dÀf; mass spectra of the tetrasilylated product and tetradeuterated product; diagram of the insert used for reduction of 1. This material is available free of charge via the Internet at http://pubs.acs.org.
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